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A new experimental procedure has been established and a novel Impact Adhesion Tester has been
designed and constructed. In the experiment, the amount of powder detached from one side of a crisp
substrate by the impact forces (48, 77 and 102 g-force) generated by the tester was measured. In addi-
tion, a centrifuge tester was used along with specially designed tubes for substrate housing. Centrifugal
speed applied varied from 300 up to 4000 rpm. Crisps (3 cm diameter and 3 mm thickness) and wood
veneer pieces (1  2 cm and 2 mm thickness) were used as test substrates and salt particles (63–125,
125–180, and 180–250 lm) were used as coating material after applying oil on the surface. The compar-
ison between results obtained from two methods was discussed. In addition, spherical and crushed glass
particles (150–180, and 212–250 lm) were used to investigate the effect of shape on adhesion strength.
Significant changes in adhesion strength have been observed for particles with different sizes and shapes.
 2011 Elsevier Ltd. All rights reserved.
1. Introduction
Adhesion between powders and surfaces plays an important
role in several industrial applications such as flavour coating on
crisp substrates. It is also directly related with environmental pol-
lution (Lee, 1988) and with industrial hygiene as well as leading to
loss in total profit due to loss of powders (Kordecki and Orr, 1960).
Understanding of powder adhesion onto surfaces may help indus-
trialists to optimise the coating process and formulation scientists
to evaluate the adhesion strength of new powders.
In many industrial processes such as dry coating, powder mate-
rial having good adhesion properties are preferred. Poor adhesion
can generate unwanted effects such as fugitive build-up on the
internal surfaces of processing equipment. For instance, in food
industry, these types of particle accumulations lead to increased
down-time for cleaning equipment – particularly when switching
between flavours for different production batches. If the powder
doesn’t adhere well to the snack it may not stick to container well
either. However if material adheres well to snack if it comes into
contact with equipment surfaces it may adhere well to that also.
In order to facilitate an improved understanding of the adhesion
strength of powders on food surfaces, a light weight bench size no-
vel tester (Impact Adhesion Tester – IAT) has been developed with
aim of determining the magnitude of adhesion forces between a
crisp substrate and flavour particles with different powder mate-
rial and sizes (Fig. 1).
The centrifugal test technique has previously been used by Sal-
azar-Banda et al. (2007) to identify the magnitude of adhesion
force needed to detach particles from surfaces. This technique
was chosen for this study to benchmark the results obtained from
the IAT. One reason for selecting the centrifugal method is that,
similarly to IAT, it gave the opportunity to calculate the percentage
of detached and remaining particles after each experiment.
1.1. Impact Adhesion Tester (IAT)
The IAT was designed and constructed to measure the adhesion
forces for different shapes of particles of powder material depos-
ited on a substrate surface. The main components of the IAT were
manufactured using computer aided design and rapid prototyping
technology.
A platen was designed to accommodate four test samples
simultaneously, in order to maximise the gathering of collabora-
tive data from a single test. The platen features four apertures, each
sized to accommodate a 3 cm diameter sample holder and collect-
ing dish. The sample holders (Fig. 2) consist of two parts (split hor-
izontally) which serve to ‘‘sandwich’’ the test substrate securely in
place (thus minimising the risk of substrate fracture during tests).
Substrates up to 3 mm thick can be accommodated with this de-
sign. A linear ball bearing is placed into the centre of the plate to
decrease the effect of friction forces in between surfaces to allow
free motion to the platen.
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The adhesion strengthwas tested by inducing different decelera-
tion forces on particles by using the IAT. Deceleration values were
detected by using an IEPE accelerometer alongwith an oscilloscope.
A procedure was implemented to investigate and assess the
adhesion strength of powder material by using IAT. In each exper-
iment a total of 20 crisp substrate (each crisp substrate weighed
app. 1(±0.2) gram) and different quantities of salt and glass pow-
ders were used. The dose of applied powders was varied from 3
to 6 g. Products were first coated and then the experiments were
conducted with the IAT to get the detachment rate for different im-
pact forces generated.
Twenty different detachments were obtained from twenty dif-
ferent crisp substrates for a single set of experiments and standard
deviations were calculated in each case. The gravity force acting on
particles is negligibly small compared with deceleration forces in
this study.
A wide range of surface decelerations, up to around 100 g-force
(m/s2) were obtained by varying the drop height of the platen. At a
known deceleration, the magnitude of surface deceleration force
required to remove a given fraction of adhering particles can be
calculated according to the relationship from Eq. (1).
F ¼ ma ð1Þ
where m is the mass of particle and a is the deceleration in terms of
g-force (m/s2).
1.2. Theoretical approach
1.2.1. Adhesion forces
In general, the adhesion forces between particles and surfaces
were considered to comprise electrostatic, capillary and van der
Waals forces (Salazar-Banda et al., 2007). However, the predomi-
nance of one or more of these depends on environmental condi-
tions during the experiments and the physicochemical properties
of the materials that are in contact (Podczeck et al., 1996). The total
adhesion force is assumed to be the sum of several forces (Stewart,
1986) and illustrated in Eq. (2).
Fad ¼ FvdW þ Fc þ Fes ð2Þ
where Fad is the total adhesion force, FvdW is the van der Waals
force, Fc is the capillary force and Fes is the electrostatic force.
1.2.2. Centrifuge technique
The principal of the centrifuge technique is that above a critical
speed the force resulting from the angular speed of rotation of a
particle with a defined mass at a known distance to the rotation
centre will exceed the adhesion force between the particle and
the surface (Salazar-Banda et al., 2007). For many particles adhered
on a surface, the necessary force to detach them varies proportion-
ally to particle size (Zimon, 1982). The centrifuge force Fcen gener-
ated in the detachment direction, can be calculated by using Eq. (3)
(Siegel et al., 1963).
Fcen ¼ mw2dc ð3Þ
where m is the mass of the particle; w is the angular speed and dc is
the distance between the sample and the rotor centre (rotational
axis). It is assumed that the adhesion force is equal in magnitude,
but with opposing signal to the applied centrifugal force at detach-
ment, as seen in Eq (4).
Fad ¼ Fcen ð4Þ
and:
Fcen ¼ mwd2dc ð5Þ
Fig. 1. Main parts of Impact Adhesion Tester (IAT).
Fig. 2. Parts of sample holder.
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where wd is the angular speed necessary for detachment.
2. Material and method
The powders used were salt and glass particles having different
size and shape in this study. Fig. 3 shows images of salt powders
obtained by optical light microscope (Leica, DM400M). It can be
observed that fine particles are irregular and have rough surfaces
while bigger particles are almost cubic and have smoother
surfaces.
Fig. 4 represents images of glass particles under microscope.
Images show that crushed glass particles have irregular shapes
with sharp edges and spherical particles have smoother surface
with a spherical shape.
Fig. 3. Optical microscope images of salt powders. From left to right: 63–125 lm, 125–180 lm, 180–250 lm.
Fig. 4. Glass particles under microscope. (a) crushed 150–180 lm, (b) crushed 212–250 lm, (c) spherical 150–180 lm, and (d) spherical 212–250 lm.
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A digital Helium pycnometer (Micrometitics Accupyc 1330) was
used to determine the particle density of the powder materials
used in this study. The values of densities are presented in Table
1. It can be observed from Table 1 that the densities of glass and
salt powder are close to each other and the change in size fractions
made a little difference in the particle densities.
Crisp substrates were supplied by United Biscuits, UK and used
for experiments with IAT. Wood veneer pieces were used for the
substrate when using the centrifuge technique. This substitution
was made because it was anticipated that the fragile structure of
the crisp would break up under the action of the angular forces im-
parted by the centrifuge.
The delivery of powder onto the crisps was achieved through
the use of a tumble mixer. Each crisp was weighed before and after
coating, the change in weight providing a measurement of the ap-
plied surface coating. Coated crisps were placed into the sample
holders of the IAT with one surface facing downwards and secured
to the main platen. The platen was dropped from different heights
(each giving a corresponding deceleration, which is the change in
velocity in the negative direction over the deceleration time, as
the main platen came to rest at the base of the vertical guiding
rod). Before and after each experiment, the collecting plates that
were mounted under the target holders (3 cm diameter) to collect
detached particles were weighed and the quantity of flavouring
particles detached from the surface was determined from the dif-
ferences in weight. The experiments were performed at different
deceleration values (48, 77, and 102 g-force), and repeated for dif-
ferent particle size ranges of salt (63–125, 125–180, and 180–
250 lm) and different shapes of glass particles (sphere and
crushed).
The deceleration of the IAT platen dropped from different
heights was measured using an accelerometer (2017AS10, VIP Sen-
sors, USA) which was attached to a signal conditioner (5100IEPE,
VIP Sensors, USA). The signals from the conditioner were processed
by an oscilloscope (GDS-8205, INSTEC, USA) and software (INSTEC
Free Capture RS 232).
When using the centrifuge technique, it was important to keep
the surface of the substrate perpendicular to the axis of rotation
(facing the coated surface in the direction of spin-off force during
centrifugation). This was accomplished by using specially designed
tubes and placing the substrate in the tube as can be seen in Fig. 5.
The coated wood veneer substrate already covered with oil by
using an air brush (air pressure: 4 (± 1) atm) and with powder
was placed carefully in the tube and then in rotor of centrifuge.
To make sure that there is no particle detachment when placing
the substrate in the tube, a tweezers were used to place them care-
fully each time. Then different centrifugal speeds (from 300 to
4000 rpm) were applied to identify the effect on detachment of
particles.
The centrifuge device was characterised by slow start accelera-
tion. This was important for development of this work as it pre-
vented the particles from becoming detached at the beginning of
each experiment due to and initial acceleration. Similarly, it
avoided particle detachment when the equipment stopped due to
its capacity to gently slow down. Detachments were accomplished
for the centrifugal speeds of: 300, 500, 1000, 1500, 2000, 3000, and
4000 rpm for 1 min.The average mass of each particle of powders
was determined using Eq. (6)
M ¼ qpVp ð6Þ
where M is the mass of one particle, qp and Vp are their density and
volume, respectively.
Since irregular particles exhibited forms nominally close to a
sphere, its volume was estimated using the equation used to deter-
mine the volume of sphere, Eq. (7).
Vp ¼ 4qpr3=3 ð7Þ
where q is particle density and r is the mean radius (determined by
sieve analysis and checked under microscope) of particles.
3. Results and discussion
Fig. 6 represents the theoretical adhesion force acting on parti-
cles as a function of particle size. It shows the calculations for five
size fractions of particles assuming that they are spherical. In that
figure, one can observe that with the increase of the particle size,
the magnitude of adhesion force increases. Fig. 6 also shows that
the total adhesion forces for the given size fractions varies from
1E-6 to 6E-6.
Table 1
Particle densities of powders.
Material Particle density (g/cm3)
Salt (63–125 lm) 2.162
Salt (125–180 lm) 2.156
Salt (180–250 lm) 2.154
Crushed glass (150–180) 2.504
Crushed glass (121–250) 2.526
Glass sphere (150–180) 2.507
Glass sphere (212–250) 2.513
Fig. 5. Placing of substrate into the head of centrifuge.
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Fig. 6. Theoretical total adhesion force versus particle size.
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From the calculations, van der Waals forces were found to be in
the range of 8.7E-15 to 3.4E-14N and electrostatic forces were in
the range of 1.4E-16 to 6E-15N for the given particles sizes. This
can clearly indicates that the dominant adhesion force is capillary
force.
The average force acting on each particle during the decelera-
tion of the platen of IAT was calculated by using deceleration val-
ues which were measured experimentally. Fig. 7 represents
experimental force acting on particles at different deceleration val-
ues as a function of particle size. It can be observed from Fig. 7 that
the force acting on particles with the given size fractions varies
from 1E-7 to 1.6E-5 at different decelerations of platen. The range
of theoretical adhesion force falls in the range of measured adhe-
sion force. This means when the force acting on a single particle
gets equal or bigger than theoretical adhesion force, detachment
of particles can be expected.
Fig. 8 shows the percentage mass of detached salt particles for
three size fraction versus the force acting on particles. The results
of the experiments were plotted in terms of the total amount of
powder detached from each sample divided by the total amount
of adhered powder as a function of impact force applied. The error
bars correspond to standard deviation.
The results are obtained at three different deceleration values of
the platen. It can be clearly seen that the average force acting on
particles are different at same decelerations for different size frac-
tions due to particle density. For instance, while it is 4.79E-7N for
63–125 lm, it is 1.69E-6N for 125–180 lm size fraction and 4.65E-
6N for 180–250 lm particles.
The amount of flavour loss versus impact force should be smal-
ler for larger adhesion force of particles onto substrate surface. It
can be observed from the figures that, same magnitude of force
acting on particle showed different effect on detachment of differ-
ent size fractions. For instance, it can be observed from Fig. 8 that,
while the percentage of detached particles is about 1.7% for fine
particles around 1E-6N, it is about 0.6% for medium size particles
around 1.7E-6N and about 1% for coarse particles around 4.6E-
6N. This means that medium sized particles showed bigger adhe-
sion strength then coarse and fine particles. Fine particles showed
weaker adhesion strength than other two fractions. It is possible
that this behaviour could be due to the agglomeration of fine par-
ticles in presence of oil to form bigger particles resulting in weak
adhesion force and more detached particles.
The effect of increase in force acting on particle on particle
detachment can also be observed from the figure. The increase in
the percentage particle losses relative to deceleration was signifi-
cant from 4E-7 to 9E-6N.
Fig. 9 shows the percentage of glass particles detached from the
crisp substrate by using IAT. The effect of two different size frac-
tions (150–180 lm and 212–250 lm) and two different shapes
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Fig. 7. Calculated experimental adhesion force acting on salt and glass particles. (a)
Salt and (b) glass.
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Fig. 8. Percentage of salt particles detached as a function of particle size and force
acting on particles (by using IAT). (a) 63–125 lm, (b)125–180 lm, and (c)180–
250 lm.
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(crushed and sphere) on adhesion strength were investigated un-
der two different decelerations and the results can be seen.
As expected, increases in the magnitude of force acting on par-
ticles increased the amount of detachment regardless of shape. The
effect of shape on detachment can be observed from the Fig. 9. For
both size fractions, spherical shapes detached more than crushed
particles at the same decelerations. This difference in behaviour
may be due to surface roughness and hence larger contact area
for crushed compared to spherical particles.
Fig. 10 represents the percentage mass of applied coating (salt
particles having three different size fractions) detached from the
wood chip surface as a function of applied centrifugal angular
speed. Average forces acting on particles during centrifugation
were calculated by using Eq. (5) and the values are shown in Table
2. The average force acting on particles varied from 5E-7 to 9E-4N
depending on centrifugal angular speed and particle size.
It can be observed from Fig. 10 that, with the increase in the
average force acting on particles (a function of angular speed)
the percentage of detached particles increased. For fine particles,
the amount of particle loss is greater than that of medium and
coarse particles at same average force. For instance, at an average
force of 5E-6N, while the amount of detached particle is over 20%
for fine particles, it is below 20% for medium and below 10% for
coarse particles. The possible reason for this behaviour may be
agglomeration of fine particles to form a bigger size and thus
weakening the adhesion strength. Bigger particles tend to adhere
on the surface and show less agglomeration. Another reason may
be attributable the shape of particles. Fine particles are more por-
ous than coarse particles and coarse particles have almost an ideal
cubic shape which may increase the contact area. Porous and irreg-
ular particles possess less contact area and therefore weaker
adhesion.
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Fig. 9. Percentage of glass particles detached as a function of particle size, particle
shape and force acting on particles (by using IAT). (a) 150–180 lm and (b) 212–
250 lm.
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Fig. 10. Percentage of salt particles detached as a function of particle size and force
acting on particles (by using centrifuge) (a) 63–125 lm, (b)125–180 lm, and (c)
180–250 lm.
Table 2
Calculated average force (N) acting on salt particles at different rotational speeds.
Rotational speed (rpm) 63–125 lm 125–180 lm 180–250 lm
300 5.44E-07 1.92E-06 5.28E-06
500 1.51E-06 5.34E-06 1.47E-05
1000 6.04E-06 2.13E-05 5.87E-05
1500 1.36E-05 4.80E-05 1.32E-04
4000 9.67E-05 3.42E-04 9.39E-04
6 E. Ermis et al. / Journal of Food Engineering xxx (2011) xxx–xxx
Please cite this article in press as: Ermis, E., et al. Centrifugal tester versus a novel design to measure particle adhesion strength and investigation of effect
of physical characteristics (size, shape, density) of food particles on food surfaces. Journal of Food Engineering (2011), doi:10.1016/j.jfoodeng.2011.01.008
It can be observed from the Fig. 10 that the force needed to de-
tach 100% of particles from substrate surface for medium size par-
ticles was found to be around 3E-4N while it was found to be
around 9E-4N for coarse particles.
At same magnitude of forces acting on particles, higher percent-
age of detachments was observed from centrifuge technique than
IAT. For example, for coarse particles, while it was recorded as%1
when IAT was used at around 5E-6N, it can be seen from Fig. 10
that it is around %5 when centrifuge technique is used. The differ-
ence might be due to the surface characteristics of substrate used
(crisps substrate has corrugated/inclined surface which may cause
sliding friction unlike veneer surface which has a flat surface) and
possible particle losses due to handling of substrate while placing
into centrifugal tubes. Both techniques might be used to character-
ise food particle adhesion onto food surfaces. However, there is a
need for further study to investigate the possible improvement of
the methodology and design of IAT. One of the advantages of IAT
is that, it is a lightweight and portable bench size tester which
gives flexibility to the operator and laboratories when comparing
to centrifugal tester.
The findings of this study showed a good correlation to the re-
sults obtained by Salazar-Banda et al. (2007) – who used phos-
phatic rock and manioc starch particles having mean diameter
ranging from 13 to 45 lm using the centrifuge technique. They cal-
culated the theoretical adhesion force and reported as varying from
3E-7 to 7E-7N. They have also reported that there was significant
loss of particles (more than 60%) after applying centrifugal force
at around 1E-6N. According to Enggalhardjo and Narsimhan
(2005), the experimental adhesion force and theoretical adhesion
force showed a good agreement and varied from 1E-9 to 1E-7 for
cheese seasoning particles on tortilla chips by using wind tunnel
experiment.
4. Conclusions
The adhesive force of salt and glass particles on crisp and wood
chip surfaces was investigated using a new apparatus with its
experimental procedure and compared to the results obtained
from centrifuge technique along with specially designed tubes.
The adhesion force between particles and surface increased
with the increase of particle size. And also impact forces acting
on particles increased with the increase of particle size. Detach-
ment took place when impact forces get bigger than adhesion
forces. Therefore, due to the agglomeration of fine particles in pres-
ence of oil, they behaved like big particles and showed weaker
adhesion than medium size particles.
The adhesion strength was found to be bigger for medium size
salt particles (125–180 lm), in between for coarse particles (180–
250 lm) and smaller for fine particles (63–125 lm).
Theoretical calculations and experimental work using the IAT
and centrifuge technique showed that the magnitude of theoretical
forces (varying from 1E-6 to 6E-6N for given size range) and exper-
imental adhesion forces (varying from 5E-7 to 9E-6N obtained by
using IAT; varying from 5E-7 to 9E-4N obtained by using centri-
fuge) are close values and showed agreement with each other.
This research work has brought the attainment of scientific
measurement techniques to industry one step nearer, through
the development of an economic tester that has the potential to
provide quantitative test data for formulation scientists or quality
assurance laboratories.
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